The evaluation of carbonate reservoirs is challenging for different reasons related to stratigraphic and structural features' heterogeneities. One of the major challenges is the evaluation of a fracture's nature, intensity, aperture and extension. Near and far field evaluation techniques have been utilized to achieve advanced fracture evaluation and modeling, the latter being a key factor in successful carbonate reservoir development.
INTRODUCTION
This introduction presents the concepts, techniques and applications of far field acoustic imaging of formations away from a borehole using full waveform acoustic logging data, as detailed in existing published papers 1 . The technique has unique advantages over surface seismic imaging or vertical seismic profiling, as it provides a higher resolution and better placement of near borehole structures. Very often it enables the imaging of acoustic reflectors that cannot be seen by any seismic technique. Single-wave imaging (SWI) was first investigated by Hornby (1989) 2 , who used acoustic P-waves generated by a monopole source for this purpose. This type of imaging can be used to determine an imaged structure's dip, but the method does not provide any azimuthal information due to the uniform radiation of the monopole source and the receivers of the tool that record omni-directional acoustic energy. Recent efforts to overcome the restrictions of the monopole source 3 have focused on using azimuthal receivers -with the omni-directional firing source -for directional sensitivity, though this limits its use to high frequencies -above 10 kHz -because of the tool size. The azimuthal acoustic measurement requires both a directional source and receivers, similar to acoustic dipole tools. In addition to resolving azimuthal features, dipole measurements for imaging enable a deeper investigation into the formation. Orientation, strength and the frequency band of the dipole source -2 kHz to 3 kHz for a dipole signal vs. 10 kHz to 15 kHz for a monopole signal -help achieve the imaging objective.
Acoustics Deep Shear Wave Imaging (DSWI) Analysis in Fractured Carbonate Reservoirs
Tang and Patterson (2009) 4 analyzed in detail the different properties of the shear body waves generated by a dipole source into a formation and studied their implications for SWI. They modeled and described the propagation of shear waves from a dipole source into a formation, the reflection of those waves from borehole structures, and the projection of these reflected components on the dipole receivers. Most significantly, they also developed a procedure for estimating reflector azimuth using both in-line (XX and YY) and crossline components (XY and YX) recorded by a dipole tool, and they demonstrated the viability of this technique on several field data examples. Signal processing techniques used to enhance reflection data, procedures for determining reflector azimuth and the applications of these techniques and procedures to real and recent field data acquired in deviated boreholes drilled through a carbonate reservoir, accompanied with other logs, are all described in this article.
PROCESSING METHODOLOGY
The objective of the processing workflow is to map reflectors and distances to acoustic discontinuities, fractures, and boundaries around a borehole, determine their extent along a borehole, and gather information about their azimuthal directivity, e.g., the strike of a boundary or fracture. Based on this, dipole SWI analysis can be separated into three major steps: (a) reflection enhancement, (b) reflectors azimuthal analysis, and (c) migration. The particular order of these steps may depend on the data itself, and all specific techniques used for each of those steps may be used in any order or in combination with techniques from other steps. Details of each step are explained next.
Cross-Diploe Wave Separation
As shown in Fig. 1 , during acoustic logging, the signal that is recorded on receivers consists of both direct modes (shown in red) and reflected body waves that come from acoustic discontinuities and boundaries (reflectors) in the formation (shown in green). In the particular case of dipole acoustic logging, direct modes may consist of the borehole guided flexural mode in addition to refracted compressional waves and borehole guided Stoneley waves if the tool is off center. Direct modes are several orders of magnitude higher than reflected waves, and in the case of SWI, every possible attempt should be made to eliminate or minimize those modes and enhance the reflected signal. The following techniques can be used separately or in combination to improve the signal-tonoise ratio (SNR) of reflected waves.
Separation of reflections from direct arrivals. Because direct waves have a deterministic nature, their slowness along the receiver array can be estimated. One approach to improving SNR is to estimate the direct waves and subtract them from the total data; the residual data should contain the reflected waves. This method works well in cases where the reflected and direct wave move-outs are different. Alternatively, we can use an FK filter on the data that each of the receivers collected for the whole depth range. The direct waves' arrival time for a single receiver does not vary significantly for different depths. Consequently, those events tend to group around the low values of K in the FK domain and can be removed by muting the values with low K in that domain.
Separation of reflected signal into up-going and down-going reflections. The direct wave subtraction described in the previous paragraph must account for the position of the tool relative to the bed. As explained in Tang et al. (2007) 5 , to effectively estimate the reflections for the tool above the bed requires the use of a common receiver gather, which is formed for different source positions and fixed receiver positions -a transmitter gather is often used for thin-bed slowness analysis. At the same time, the common transmitter gather, i.e., the usual arrangement routinely used in acoustic slowness processing, is used to estimate reflections when the tool is located below the bed. Up-going and down-going reflected wavefields are obtained by processing the receiver gathers.
Reflected signal stacking. Further reflection data enhancement and improvement of SNR can be achieved if the approximate dip information for the target is available, as outlined in Tang et al. (2007) 5 . This stacking process can use an approximate or even an inaccurate dip value. The process also can be iterative, i.e., we can first use a roughly estimated angle to obtain the structural image of the formation, get our next estimation of angle from this image, and repeat the process to refine the result. The initial estimate for the dip angle can be obtained from the dip log or based on migration results from a single receiver. Alternatively, common midpoint stacking may be used for structures that are nearly parallel to the borehole, and dip move-out stacking may be used if the structure's angle varies considerably along the depth interval of interest.
Cross-Dipole Shear Wave Image Analysis
As shown in Fig. 2 , a dipole source aligned along the X axis in the XZ plane radiates two types of shear waves into the formation. The first is the vertically polarized shear, SV, aligned with the dipole source; the second is the horizontally polarized shear, SH, which is perpendicular to the source along the YZ plane. The formation radiation pattern of both SV and SH components can be analyzed by finite-difference modeling, as shown in the upper right-hand side of Fig. 2 . Although the SV radiates shear energy, it has a null or blind spot at 90°. This is in stark contrast with the SH mode, which has a full coverage. If we now consider the angular distribution for the amplitudes of these radiated shear waves, we end up with the radiation pattern as shown in the lower right-hand side of Fig. 2 . From this we can see that the SH mode generated by a dipole source offers complete angular coverage in the YZ plane, which is desirable. The directional nature of the SH and SV waves generated by a dipole also enables horizontal azimuthal sensitivity, which in turn enables the reflector strike to be determined.
A similar analysis can be conducted for a reflection coming from an inclined reflector in the borehole 4 , Fig. 3 . Based on this analysis, the SH and SV components of the reflected shear waves coming from an inclined reflector make the following contributions to components recorded by the dipole receivers -with ɸ as the angle between the fracture strike and the X-dipole receiver or transmitter:
XY = YX = (SV-SH) cos ɸ sin ɸ where Eqn. 1 constitutes the basis of the strike determination.
As illustrated in this equation, the cross components vanish when the dipole source is parallel or perpendicular to the strike of the reflector (when ɸ is 0° or 90°), therefore minimization of those components -amplitude or energy -can be used to determine that angle. Resolution of a 90° ambiguity in this determination should account for the fact that the SH reflection amplitude is expected to be significantly larger than the SV reflection amplitude based on borehole radiation patterns previously shown in Fig. 2 . In addition, for a fluid 
DEEP SHEAR WAVE IMAGING (DSWI) IN A DEVIATED BOREHOLE -CASE STUDY
A well in a carbonate formation was picked for this study to evaluate the major features (reflectors) up to 70 ft away from the deviated borehole using the DSWI processing techniques previously described to map the near borehole environment for fractures, faults and/or bedding boundaries, as well as the nature of their extension far away from the borehole. Therefore, the initial logging plan was to acquire the fullwave acoustic dataset plus high resolution resistivity images.
Within the radius extending 70 ft away from the borehole, Saudi Aramco: Company General Use
Fig. 5. Migrated (XX) DSWI in the vertical plane, with and up-going and down-going SH reflections shown to the left and right, respectively. A major feature intersected by the drilled deviated borehole is seen up to 25 ft away from the borehole and with almost 20° relative bed to the deviated borehole. By magnifying the intersection point, the high resolution resistivity imager shows the event in detail near the borehole as a set of conductive fractures with varying angles and directions. Such a gather of features acts as a major reflector, which is resolved clearly on DSWI.
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Fig. 5. Migrated (XX) DSWI in the vertical plane, with and up-going and down-going SH reflections shown to the left and right, respectively. A major feature intersected by the drilled deviated borehole is seen up to 25 ft away from the borehole and with almost 20° relative bed to the deviated borehole. By magnifying the intersection point, the high resolution resistivity imager shows the event in detail near the borehole as a set of conductive fractures with varying angles and directions. Such a gather of features acts as a major reflector, which is resolved clearly on DSWI.
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other reflectors -not intersecting the borehole -can be also monitored, and they show what can be considered as a major feature away from the borehole. The following sections explain the different phases of this analysis. Resistivity imaging of raw data was also investigated for quality and consistency, given the conductive borehole acquisition environment.
Pre-analysis
Analysis and Integration
Applying the previously mentioned processing techniques, and to obtain proper migrated images that clearly differentiate between reflector types, fractures/faults or bed boundaries, the two orthogonal planes (XX and YY) were processed with different parameters. This occurred after the initial DSWI processing step, which showed both types of reflectors on both axes, at different depth intervals and with a different relative dip to the deviated borehole. The next step was to refer each reflector type to one of the axes for better interpretation of the reflector's nature and its dip relative to the drilled borehole. In addition to the DSWI and resistivity imager combination, we analyzed the data recorded with monopole firing to produce a separation of the up-going and down-going reflections, as well as direct monopole arrivals.
In the center section of Fig. 6 , Stoneley reflectivity, for both up-going and down-going waves, tends to indicate the continuity of the event that has been highlighted by shear wave imaging -around X650 ft. DSWI is often "blind" close to the borehole because of the removal of the direct wave data during processing. Note that close to the borehole, the shear wave exhibits anisotropy, Fig. 7 (outer right) .
Looking at the vertical plane image across deeper intervals in the borehole, some events that extend almost to the end of the recorded wave trace are not fully characterized and seem to not intersect the borehole. These features, shown on both migrated images (dotted black traces) and up-going and down-going reflections (dotted red traces), exhibit a dip close to one of the reflection events previously discussed, Fig. 5 . (Fig. 8) Considering the earlier analysis on the orthogonal axis to (XX), which is the migrated DSWI in the horizontal plane (YY), this is where we are expecting to find bed boundaries as the major reflectors. In this case study, the bed structure is expected to be almost horizontal -with a low dip angle. Accordingly, the average borehole deviation of 45° is expected to be the incident angle across these horizontal strata. The final (YY) map, Fig. 8 , illustrates that the bed boundaries' relative dip to the drilled borehole is almost 40° across many intervals. In Fig. 9 , relative bedding to the borehole has slightly increased -almost 50° -which is due to the drop in borehole deviation from 45° to an average 35°. The strata true dip is almost the same in both intervals, while the borehole deviation is variable.
This information was also confirmed by analyzing the dip angle from the resistivity image as compared to DSWI, Figs. 8 and 9. The manual dip picking of these strata shows a low-angle true dip -maximum of 10°.
The conventional slowness processing, which is part of the primary processing steps, allows the anisotropic intervals to be highlighted by the azimuthal anisotropy map, as previously seen in Fig. 6 . These intervals are further analyzed here to check their extension away from the borehole. Not every near borehole event is expected to be translated into the DSWI far field detection, since its angle, intensity, aperture and extension might not be enough to achieve such scale of mapping. Standard processing of both in-line dipoles, Fig. 10 , exhibits discrepancies at several depths. From varying shear slowness, as well as the azimuthal shear anisotropy map, Fig.  11 , some intervals show a variable in situ shear stress direction and intensity that do not exhibit any reflection.
Both wellbore images, such as high resolution resistivity images, and near wellbore images, such as those provided by dipole shear sonic anisotropy and Stoneley wave reflections, are essential to understanding and imaging near wellbore features. With the addition of DSWI, better imaging and characterization can be achieved. No direct relation between Saudi Aramco: Company General Use 
CONCLUSIONS
In this case study, low frequency shear waves generated by dipole sources have the ability to map deeply inside the formation, up to 70 ft away from a drilled borehole. Either intersected by a borehole or not, structural features or bed Saudi Aramco: Company General Use boundaries can be mapped. The integration of this mapping with near borehole imaging techniques enables a more detailed analysis. This case study investigates this combination in a deviated borehole, considering as well the optimization of available tools to explore geological features and heterogeneities in a borehole's near and far environment. The DSWI technique has the advantage of mapping features that might be difficult to resolve with seismic analysis, given that the frequency scale of DSWI provides visibility over more details as well as higher resolution.
